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Introduction
Parkinson's disease is the second most common neurodegenerative disorder and is characterized by progressive neuronal loss in nuclei throughout the brain, notably the heavy loss of dopaminergic neurons in the substantia nigra pars compacta. Although the precise mechanism underlying cell death in Parkinson's disease is not yet understood, accumulating evidence suggests that small aggregates of alpha-synuclein, known as oligomers, play a key role in neuronal toxicity (Chen et al., 2007; Danzer et al., 2007; Tetzlaff et al., 2008; Nasstrom et al., 2011; Winner et al., 2011) by impairing a variety of cellular processes (Gosavi et al., 2002; Lashuel et al., 2002a, b; Kim et al., 2009; Emmanouilidou et al., 2010; Colla et al., 2012; Choi et al., 2013) .
The primary event underlying the formation of alphasynuclein oligomers is thought to be the initiation of abnormal alpha-synuclein self-interaction, beginning with alpha-synuclein dimers, whose formation has been shown to be the rate-limiting step for alpha-synuclein aggregation (Krishnan et al., 2003; Roostaee et al., 2013) . The subsequent variety of transient, structurally diverse oligomeric species formed are thought to drive the pathogenesis of Parkinson's disease and may be associated with the spread of the disease between different structures in the brain (Desplats et al., 2009; Hansen et al., 2011; Luk et al., 2012a) . Further aggregation and compaction of alpha-synuclein oligomers leads to the formation of the pathological hallmark of Parkinson's disease, Lewy bodies, which are thought to form as an attempt by the cell to sequester toxic oligomeric species away from the cellular machinery (Bucciantini et al., 2002; Muchowski, 2002; Soto and Estrada, 2008) . Fibrillar alpha-synuclein with the distinctive cross-beta sheet structure of amyloid is a major component of Lewy bodies (Spillantini et al., 1997; Serpell et al., 2000) . Using existing techniques, detection of Parkinson's disease pathology is largely limited to lesions that occur late in the disease, including Lewy bodies, in degenerating neuronal populations.
As the self-interaction of alpha-synuclein is thought to be intimately involved in the initiation of pathogenic processes of Parkinson's disease (Caughey and Lansbury, 2003) , we hypothesized that a method to detect self-interacting alphasynuclein molecules in human tissue could reveal earlier pathology. Many previous studies are heavily reliant on in vitro formed oligomers that may not be relevant to the disease-causative species. If we are to understand the exact role of oligomers in disease, it is of paramount importance to detect the endogenous pathogenic species in patient tissue. Here we report the development and validation of a novel method for the detection of alpha-synuclein oligomers, the alpha-synuclein proximity ligation assay (AS-PLA, Supplementary Fig. 1 ). Proximity ligation assays (PLA) enable the sensitive and specific detection of endogenous protein interactions and remove the need for tagging proteins to investigate interactions, a requirement for current techniques such as fluorescence resonance energy transfer (FRET) and bimolecular complementation (Soderberg et al., 2006; Weibrecht et al., 2010) . PLA has previously been used to sensitively detect disease-relevant protein interactions, such as those between the various components of the transcription factor activator protein 1 (AP-1) in breast cancer (Baan et al., 2010) and between GRP78 (now known as HSPA5) and AKT1 during endoplasmic reticulum stress (Yung et al., 2011) . Larger structures such as prostasomes, associated with prostate cancer (Tavoosidana et al., 2011) can be detected with PLA, as well as viruses, including avian influenza viruses (Schlingemann et al., 2010) , and foot and mouth virus (Nordengrahn et al., 2008) . Amyloid-b protofibrils have also been previously detected in homogenized brain from transgenic mice using PLA (Kamali-Moghaddam et al., 2010) . We describe here the AS-PLA, the first PLA-based assay to detect alpha-synuclein oligomers in human tissues.
Using AS-PLA we have been able to specifically detect oligomeric species of alpha-synuclein. Furthermore, we show in post-mortem Parkinson's disease brain tissue that AS-PLA detects early stage Parkinson's disease lesions, such as pale bodies, and previously unreported oligomeric pathology. AS-PLA will be an excellent tool to further understand the role of alpha-synuclein oligomers in early Parkinson's disease pathology.
Materials and methods

Cell culture
HEK293 cells were maintained in high glucose Dulbecco's modified Eagle's medium (PAA) supplemented with 10% foetal bovine serum, 1% penicillin/streptomycin and 1% Lglutamine (all obtained from Life Technologies). BE(2)M17 cells were maintained in Opti-MEM Õ supplemented with 10% foetal bovine serum and 1% penicillin/streptomycin (all obtained from Life Technologies). All cells were grown at 37 C with 5% CO 2 , except where indicated.
Transfection
Cells were seeded on poly-L-lysine coated coverslips in 24-well plates at a density of 2 Â 10 5 cells per well and transfected 24 h later. A suitable amount of DNA per well was transfected in serum-free media (Opti-MEM Õ ) using Lipofectamine Õ 2000 and Plus reagents (Life Technologies). The medium was changed 4 h following transfection.
was transfected into HEK293 cells. Following incubation at 37 C for 4 h after transfection, the cells were transferred to 30 C in 25 mM HEPES to allow the GFP chromophore to mature. Cells were imaged, fixed for immunofluorescence and AS-PLA or harvested for western blotting 48 h after transfection. Experiments were carried out in triplicate. (Czlapinski et al., 2008) and alpha-synuclein from the bimolecular fluorescence complementation constructs. The PCR fragments were digested, cloned into pGEM Õ -T (Promega), and verified by DNA sequencing. Alpha-synuclein and FKBP or FRB were subcloned from pGEM Õ -T into pcDNA4/TO/myc-HisB (Life Technologies). FRB-alphasynuclein and FKBP-alpha-synuclein were both subcloned as a XhoI/SacII fragment.
FKBP-FRB-rapamycin assay
FKBP-alpha-synuclein and FRB-alpha-synuclein constructs (25 ng each) were transfected into HEK293 cells, as described above. After 4 h at 37 C after transfection, the transfection reagents were replaced with normal HEK293 media supplemented with 400 nM rapamycin for the + rapamycin condition. Cells were fixed for AS-PLA analysis 1 h after transfection. Experiments were carried out in triplicate.
Protein extraction
Cells were washed and then scraped in PBS. Cells were pelleted by centrifugation for 10 min at 2000 rpm at 4
C. For denaturing protein extraction, the pellet was snap frozen then resuspended and lysed in RIPA buffer (1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM Tris pH 8) with one protease inhibitor cocktail tablet (Roche) added per 50 ml, followed by sonication. The lysate was centrifuged at 3000 rpm for 10 min at 4 C and the supernatant was retained and stored at À 80 C. For native protein extraction, the pellet was snap frozen then resuspended in 35 ml solubilization buffer (50 mM NaCl, 50 mM imidazole, 2 mM 6-aminohexanoic acid, 1 mM EDTA, pH 7), and solubilized with 8 ml digitonin (20% stock in water). After 15 min centrifugation at 100 000 g, the supernatant was retained and stored at À 80 C (Wittig and Schagger, 2005) . Protein content was quantified by BCA assay according to the manufacturer's instructions (Sigma).
Alpha-synuclein sequential extraction
Sequential extraction was performed as previously described with minor modifications (Tofaris et al., 2003) . Briefly, 100 mg of tissue was homogenized in three volumes of TBS + [50 mM Tris HCl pH 7.4, 175 mM NaCl, 5 mM EDTA, plus complete protease inhibitor tablet (Roche)]. The homogenate was centrifuged for 5 min at 1000 g at 4 C then the supernatant was ultracentrifuged for 30 min at 120 000 g at 4 C. The resulting supernatant was the TBS + soluble fraction. The pellet was rinsed twice in TBS + then resuspended in TBS + with 1% Triton TM X-100 and centrifuged for 20 min at 120 000 g at 4 C. The resulting supernatant was the Triton soluble fraction. The pellet was resuspended in RIPA [50 mM Tris-HCl pH 7.4, 175 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS plus complete protease inhibitor tablet (Roche)] and centrifuged for 20 min at 120 000 g at 4 C. The pellet was washed three times with TBS + , then resuspended in 8 M urea/5% SDS for the urea soluble fraction.
Protein separation and western blotting
Ten micrograms of protein from cell lysates or 0.1 mg of recombinant protein was suspended in Laemmli buffer and heated to 95 C for 10 min for SDS-PAGE, or suspended in SDS-free sample buffer for non-denaturing PAGE. Proteins were separated on 10% SDS-polyacrylamide or non-denaturing polyacrylamide gels, except in Fig. 3A where proteins were separated on a pre-cast Bio-Rad Criterion TM TGX TM 4-15% gradient gel. After transfer of proteins to polyvinylidene difluoride (PVDF) membranes (Millipore) and blocking in 3% (w/v) powdered skimmed milk in Tris-buffered saline/ 0.1% Tween 20 (TBS-T), membranes were incubated overnight at 4 C in primary antibody [mouse anti-alpha synuclein 211 (Abcam) or mouse anti-amyloid b 4G8 (Covance)] diluted in blocking solution. After washing three times in TBS-T, the membrane was incubated with secondary antibody for 1 h at room temperature. The membrane was washed again in TBS-T and the signal visualized with ECL reagent (Millipore) and exposure in the Bio-Rad Gel Doc TM .
Proximity ligation assay
Alpha-synuclein proximity ligation assay experiments were carried out using Duolink kits supplied by Olink Bioscience according to the manufacturer's instructions. We chose an alphasynuclein antibody for the AS-PLA probes that has previously been shown to display blocking activity (syn211; El-Agnaf et al., 2006) . Briefly, the conjugates were prepared using the Duolink Õ Probemaker kit by incubating 20 mg of antibody (mouse anti-alpha-synuclein 211, 1 mg/ml, no BSA or azide, Abcam) with the Probemaker activated oligonucleotide (Minus or Plus) and conjugation buffer and leaving overnight at room temperature. The conjugates were incubated with Probemaker stop solution for 30 min at room temperature, and then suspended in Probemaker storage buffer. Cells in culture were fixed in 4% paraformaldehyde in preparation for fluorescent PLA. Paraffin embedded tissue was prepared for brightfield PLA by dewaxing in xylene, rehydrating via graded alcohols, blocking endogenous peroxidases with hydrogen peroxide for 1 h at room temperature and antigen retrieval with citrate buffer, pH 6, and microwave heating for a total of 10 min. All samples were incubated in Duolink Õ block solution at 37
C for 1 h, followed by the conjugates diluted in Duolink Õ PLA diluent (1:750 for fluorescent PLA experiments and 1:100 for brightfield PLA experiments) for 1 h at 37 C, then overnight at 4 C. After washing in TBS + 0.05% Tween 20, samples were incubated with Duolink Õ ligation solutions and ligase for 1 h at 37 C, before washing and incubation with Duolink Õ amplification reagents and polymerase for 2.5 h at 37 C. For fluorescent PLA experiments, samples were then washed in the dark and counterstained and mounted as for immunofluorescence. For tissue sections, samples were washed and then incubated with a Duolink Õ detection solution for 1 h at room temperature followed by a Duolink Õ substrate solution for 20 min at room temperature. The tissue sections were then counterstained with haematoxylin and dehydrated in graded alcohols and xylene, before mounting with DPX mounting reagent.
Immunofluorescence
Cells cultured in 24-well plates on poly-L-lysine coated glass coverslips were fixed in 4% paraformaldehyde for 15 min at room temperature and permeabilized with IF block solution (0.1% Triton TM X-100, 10% normal goat serum in TBS) for 1 h at room temperature. Coverslips were washed in TBS + 0.1% Triton TM X-100 and primary antibodies (mouse anti-alpha synuclein 211, Abcam: 1:1000) were diluted in IF block solution and incubated overnight at 4 C with gentle shaking. Cells were then washed four times in IF wash solution (0.1% Triton TM X-100 in TBS) and appropriate Alexa Fluor Õ IgG secondary antibodies (Invitrogen) were applied for 1 h at room temperature with gentle rocking and protected from light. Cells were counterstained with the fluorescent nuclear stain diluted in 4,6-diamidino-2-phenylindole (DAPI) diluted 1:2000. Coverslips were mounted using FluorSave TM (Merck) and imaged using fluorescent microscopy (Nikon Eclipse TE200-U).
Immunohistochemistry
Paraffin embedded tissue was dewaxed in xylene and rehydrated in graded alcohols then blocked in 10% H 2 O 2 for 1 h at room temperature in the dark to quench endogenous peroxidases. Antigens were retrieved by microwave heating with citrate buffer, pH 6, for a total of 10 min. Tissue was then blocked in 10% normal goat serum in TBS + 0.1% Triton TM X-100 for 1 h at room temperature. Primary antibodies (mouse anti-alpha-synuclein 211, Abcam; 1:2000) were incubated with the tissue overnight at 4 C, followed by washing and incubation with biotinylated goat anti-mouse IgG secondary antibody (Jackson Immunoresearch) for 1 h at room temperature. After washing, VectaStain ABC reagent (Vector Labs) was added for 1 h at room temperature, then sections were incubated with 3,3 0 -Diaminobenzidine (DAB, Sigma) substrate for 3 min. The tissue sections were then counterstained with haematoxylin and dehydrated in graded alcohols and xylene, before mounting with DPX mounting reagent.
Preparation and analysis of alpha-synuclein oligomers, amyloid-b oligomers and alpha-synuclein fibrils Oligomers were produced by incubating recombinant human alpha-synuclein (r-Peptide) or amyloid-b (Tocris Bioscience) at 1 mg/ml (70 mM and 220 mM, respectively) with a 30:1 M excess of 4-hydroxy-2-nonenal (HNE) at 37 C for 18 h. After incubation, unbound aldehyde was removed with an Amicon 3 kDa cut-off ultra-centrifugal unit (Millipore).
To produce alpha-synuclein fibrils, 2 mg/ml (140 mM) recombinant human alpha-synuclein (r-Peptide) in assembly buffer (50 mM Tris pH 7.4, 100 mM NaCl) was shaken at 37 C with constant agitation (1000 rpm) for 5 days.
Western blot analysis was carried out as described above. For immunofluorescence analysis, 20 mg of protein was serially diluted and spotted onto poly-D-lysine coated coverslips and fixed for 30 min at room temperature in 4% paraformaldehyde. Immunofluorescence and fluorescent PLA protocols were then carried out as described above. Experiments were carried out in triplicate.
Electron microscopy
Ten microlitres of 50 mM protein sample was applied to carbon formvar copper grids, which had been glow discharged immediately before use, and incubated for 2 min. Grids were blotted using filter paper and transferred to a droplet of 2% aqueous uranyl acetate for 60 s, then blotted and transferred to a droplet of filtered milli-Q water for 60 s, blotted and dried. Grids were imaged in a FEI Tecnai 12 transmission electron microscope operated at 120 kV and digital images were captured using a Gatan US1000 ccd camera.
Human tissue
Tissue samples from patients with Parkinson's disease and control subjects and associated clinical and neuropathological data were supplied by the Parkinson's UK Tissue Bank, funded by Parkinson's UK, a charity registered in England and Wales (258 197) and in Scotland (SC037554). Sections from eight patients and eight age and gender matched control subjects were paraffin embedded and supplied at 5 -mm thick. We studied sections at the level of the third oculomotor nerve in the midbrain, of the inferior olive in the medulla and the anterior cingulate cortex.
Tissue samples from patients with dementia with Lewy bodies, multiple system atrophy, progressive supranuclear palsy and Alzheimer's disease were supplied by the Oxford Brain Bank. The regions studied were: anterior cingulate cortex for dementia with Lewy bodies sections, substantia nigra for multiple system atrophy and progressive supranuclear palsy sections and hippocampus for Alzheimer's disease sections. Sections from two patients per disease were paraffin embedded and supplied at 5 -mm thick.
Neuropathological analysis
For the quantification of AS-PLA staining, two independent assessors analysed the blinded slides at Â 20 magnification. Pre-defined neuroanatomical areas in each region were studied (Table 1) .
Within each area, the heaviness of staining in blinded sections was scored semi-quantitatively on a scale between 0 and 5 against predefined scoring standard plates ( Supplementary  Fig. 5 ) and the highest diffuse score that filled a whole field of view in each area was recorded. The average of two assessors' scores was taken; no significant difference between the assessors' scores was found. The number of Parkinson's disease lesions stained was also counted.
Proteinase K assay
After antigen retrieval, sections were treated with 50 mg/ml proteinase K in 10 mM Tris HCl pH 7.8, 100 mM NaCl and 0.1% NP-40 (all from Sigma) at 37 C for the indicated times and then washed in tap water for 5 min.
Results
Specific detection of alpha-synuclein oligomers using AS-PLA AS-PLA signal is conditionally produced by the dual recognition of interacting molecules of alpha-synuclein by the AS-PLA probes ( Supplementary Fig. 1 ). To ensure that no spurious signals were produced by more than one AS-PLA probe binding to a molecule of alpha-synuclein, we used the same alpha-synuclein antibody (syn211) to make both probes. Syn211 has previously been shown to display blocking activity on the epitope (El-Agnaf et al., 2006) and thus should prevent more than one probe binding per alpha-synuclein molecule, allowing AS-PLA to recognize only alpha-synuclein molecules that are interacting (i.e. oligomers) and not monomers. To demonstrate the recognition of alpha-synuclein oligomers by AS-PLA we used several in vitro alpha-synuclein oligomerization systems. Firstly, we used a bimolecular fluorescence complementation assay, where alpha-synuclein is fused to a split GFP reporter. When alpha-synuclein self-interacts the nonfluorescent halves of GFP-fold together, allowing maturation of the fluorophore [ Fig. 1A(i) ]. In HEK293 cells expressing both constructs, we observed green fluorescence indicative of alpha-synuclein self-interaction [ Fig. 1A (ii) and C(i)]. We showed with SDS-PAGE and non-denaturing PAGE that oligomeric species ranging from dimers to higher molecular weight species were formed, consistent with previous observations [ To demonstrate that AS-PLA selectively detects oligomeric forms of alpha-synuclein, we stained BE(2)M17 neuroblastoma cells that endogenously express alpha-synuclein (Ryan et al., 2013) . Although the BE(2)M17 cells expressed robust levels of alpha-synuclein, as demonstrated by immunofluorescence [ Fig. 1D(i) ], no AS-PLA signal was observed [ Fig. 1D(ii) ]. This suggests that the generation of AS-PLA signal is dependent on the presence of oligomers and not simply the non-pathological expression of alphasynuclein.
Next, we developed a system for the inducible formation of alpha-synuclein oligomers by exploiting the ternary complex formed between FKBP, the FRB domain of the mammalian target of rapamycin, and rapamycin (Muthuswamy et al., 1999; Gruber et al., 2006) . We generated fusion proteins of alpha-synuclein and FKBP or FRB that allowed us to conditionally induce interactions between alpha-synuclein monomers in the presence of rapamycin ( Fig. 2A) . Because of alpha-synuclein's tendency to aggregate when it is over-expressed (Zhang et al., 2008) , we carried out the inducible oligomerization experiments under conditions of low expression of the exogenous proteins. In cells positive for expression of alpha-synuclein as indicated by immunofluorescence, we observed a 4-fold increase in AS-PLA signal in those that had been exposed to rapamycin for 1 h post-transfection ( Fig. 2B and C) , which was statistically significantly higher both in terms of number of puncta and their area (Fig. 2C(ii + iii) ].
We generated recombinant oligomers and fibrils in vitro to: (i) ensure that the generation of AS-PLA signal was not affected by the tags on alpha-synuclein in the bimolecular fluorescence complementation and FKBP-FRB constructs; (ii) investigate which alpha-synuclein species were recognized by AS-PLA; and (iii) assess the specificity of AS-PLA for alpha-synuclein oligomers rather than oligomers of other proteins. We incubated recombinant alphasynuclein and recombinant amyloid-b with the aldehyde 4-hydroxynonenal (HNE) to generate untagged alpha-synuclein and amyloid-b oligomers, respectively, and incubated recombinant alpha-synuclein with shaking to produce fibrils. All preparations had assembled into supramolecular structures, much larger than monomers, as demonstrated by western blot (Fig. 3A) and electron microscopy [ Fig. 3B(i) ]. Electron microscopy analysis revealed alphasynuclein oligomers as small round structures arranged in chains of variable lengths that migrated as species of different sizes by western blot, whereas amyloid-b oligomers were not so regularly organized and migrated at a much higher molecular weight on western blot. Alpha-synuclein monomers showed an amorphous ultrastructure and as expected alpha-synuclein fibrils showed a fibrillar helical ultrastructure. We spotted equal amounts of monomeric alpha-synuclein, alpha-synuclein oligomers, alpha-synuclein fibrils and amyloid-b oligomers onto coverslips Kramer and Schulz-Schaeffer, 2007 ) and probed sequentially with immunofluorescence (alpha-synuclein or amyloid-b) and AS-PLA [ Fig. 3B (ii) and 3B(iii)]. AS-PLA signal was approximately 4-fold higher in alphasynuclein oligomers over a minimal background signal in the monomeric samples and 42-fold higher in alpha-synuclein oligomers than in alpha-synuclein fibrils, despite very similar levels of immunofluorescence signal and therefore alpha-synuclein protein (Fig. 3C) . The fibril preparations were not statistically differently labelled by AS-PLA than monomeric alpha-synuclein, whereas no AS-PLA signal was obtained with amyloid-b oligomers. Finally, when either of the probes was omitted or when the ligase or polymerase enzymes were omitted from their respective steps, no AS-PLA signal was observed in FKBP-FRB transfected cells treated with rapamycin, or from alpha-synuclein in vitro produced oligomers suggesting the signal we observed was not background (Supplementary Fig. 2) .
Cumulatively, these data definitively demonstrate that AS-PLA detects alpha-synuclein oligomers specifically, whereas it does not detect monomeric alpha-synuclein.
Early Parkinson's disease lesions are selectively recognized by AS-PLA
To examine alpha-synuclein oligomeric pathology and its relationship to Lewy body pathology we stained postmortem brain tissue from eight patients with Parkinson's disease and eight age and sex-matched controls with AS-PLA (Supplementary Table 1 ). We chose three neuroanatomical areas relevant to Parkinson's disease that according to the Braak hypothesis are progressively affected by alpha-synuclein pathology: medulla, midbrain and cingulate cortex (Braak et al., 2003) .
Pale bodies and other early lesions in the brainstem displayed prominent AS-PLA staining (medulla and midbrain, Fig. 4A and B, arrows) . However, brainstem Lewy bodies ( Fig. 4A and B, arrowheads) , which are considered latestage lesions, were only very exceptionally stained, in contrast to the widespread staining with alpha-synuclein immunohistochemistry (AS-IHC). For example, a low magnification image of consecutive sections of the dorsal motor nucleus of the vagus reveals extensive staining of Lewy bodies with AS-IHC ( Supplementary Fig. 3A) , whereas AS-PLA is much more selective, staining mainly pale bodies and extrasomal Lewy bodies ( Supplementary Fig.  3B, arrows) ; quantification of the number of lesions detected by both technique supports this ( Supplementary  Fig. 4A and B) . AS-PLA detected significantly more pale bodies than AS-IHC, suggesting greater sensitivity to earlier lesions. AS-IHC detected more lesions overall, suggesting the majority of the pathology is Lewy bodies, which is unsurprising as all patients were at least Braak stage III when the medulla and midbrain are already heavily affected.
Lesions detected by AS-PLA were present in nuclei associated with Parkinson's disease pathology, and where pathology was also found using AS-IHC. These include the dorsal motor nucleus of the vagus, intermediate reticular zone, raphe and reticular formation in the medulla; in the midbrain the reticular formation, raphe, periaqueductal grey and oculomotor nucleus were affected. Many lesions were also detected in the substantia nigra pars compacta (Fig. 4B) . Similarly to the dorsal motor nucleus of the vagus, pale bodies and extrasomal Lewy bodies were strongly detected here ( Fig. 4A and B) , whereas intracellular Lewy bodies were unstained [ Fig. 4A (ii) and B(i and ii)]. Occasionally, a crown of AS-PLA stained oligomers surrounded Lewy bodies [ Fig. 4A(v) and B(iii) ].
We demonstrated that the lack of Lewy body staining by AS-PLA is not due to an inability of the antibody or the AS-PLA probes to access such structures, as the unmodified antibody and both AS-PLA probes strongly labelled Lewy bodies when used as a primary antibody for immunohistochemistry ( Supplementary Fig. 5 ).
Most strikingly, we found AS-PLA reveals diffuse cytoplasmic staining in neurons that contained neither pale bodies nor Lewy bodies [ Fig. 4A(iv) ]. This suggests that AS-PLA is able to detect alpha-synuclein oligomerization in cells very early in the aggregation process, even before the larger aggregates forming pale bodies appear. The majority of surviving neurons that lacked pale bodies or Lewy bodies did not have any AS-PLA staining [indicated in Fig.  4A (iv) adjacent to a neuron harbouring diffuse cytoplasmic alpha-synuclein oligomers], suggesting that alpha-synuclein self-interaction is not a physiological event occurring Figure 4 AS-PLA stains alpha-synuclein oligomers in early Parkinson's disease lesions. Tissue from eight patients and eight age and gender matched controls was stained with alpha-synuclein PLA. In the medulla (A) and midbrain (B), AS-PLA selectively stained pale bodies and extrasomal Lewy bodies (arrows in A and B). If any staining was associated with Lewy bodies, it was at their periphery (Av and Bi and iii). We also observed staining in cells where no obvious pale body or Lewy body was present, suggesting even earlier aggregation centres were detected (Aiv). In the cingulate cortex (C), cortical Lewy bodies were detected (Ci-iii). No lesions were detected in control tissue (Avi, Bvi and Civ). In all regions studied, there were significantly more Parkinson's disease lesions detected in patients (Avii, Bvii and Cv). Scale bars = 10 mm. Error bars are + SEM. *P 5 0.05; **P 5 0.01; ****P 5 0.0001. Student's t-test.
constitutively in all cells. In addition, no diffuse cytoplasmic AS-PLA signal was observed in controls, indicating that this type of staining is strictly pathological and may represent early aggregates that precede currently recognized pathology.
In contrast to the brainstem, Lewy bodies in the cingulate cortex were strongly detected by AS-PLA (Fig. 4C) . Interestingly, there was a strong correlation between the number of lesions detected with AS-PLA and AS-IHC (P 5 0.001), with a trend towards the detection of more lesions with AS-PLA compared to AS-IHC ( Supplementary Fig.  4C ), suggesting that not only are cortical Lewy bodies detected by both AS-PLA and AS-IHC, but that AS-PLA displays more sensitivity for their detection.
Quantification of pathological lesions detected by AS-PLA in each region showed that no Parkinson's disease lesions were detected in tissue from control cases confirming their association with Parkinson's disease [ Fig. 4A(vii) , B(vii) and C(v)].
We next investigated if pathological lesions found in other neurodegenerative diseases were stained by AS-PLA. We stained cingulate cortex from patients with dementia with Lewy bodies, substantia nigra from multiple system atrophy and progressive supranuclear palsy cases and hippocampus from Alzheimer's disease cases. First we confirmed that the selected regions were affected by pathological lesions of each disease using IHC (Fig. 5A , B and C). Lesions from patients with dementia with Lewy bodies and multiple system atrophy, known as alpha-synucleinopathies, were stained by AS-PLA. In tissue from patients with dementia with Lewy bodies, cortical Lewy bodies were detected by AS-PLA (Fig. 5A) , similarly to Lewy bodies in the affected cortex of patients with Parkinson's disease. In multiple system atrophy cases, diseased glial cells harbouring glial cytoplasmic inclusions showed cytoplasmic labelling with AS-PLA at the periphery of glial cytoplasmic inclusions similar to brainstem Lewy bodies in Parkinson's (arrows, Fig. 5B ). In contrast, tau inclusions in tissue from patients with progressive supranuclear palsy and tau neurofibrillary tangles and amyloid-b plaques from patients with Alzheimer's disease were unstained (Fig. 5C  and D) .
Taken together, these data suggest that AS-PLA has a preference for early lesions and detects earlier disease processes than techniques previously described.
AS-PLA reveals previously unrecognized diffuse alpha-synuclein oligomeric pathology
Further to the staining of early Parkinson's disease lesions, AS-PLA revealed a qualitatively distinct diffuse type of staining localized to specific nuclei including areas usually mildly affected by classical Parkinson's disease pathology. This second type of AS-PLA staining was diffuse and located in the neuropil, clumping around neurons in the most severely affected areas, or less frequently in the white matter (Fig. 6) .
To quantify the diffuse type of AS-PLA staining and evaluate its potential association with Parkinson's disease, we scored its heaviness in blinded sections ( Supplementary  Fig. 6 ). Patients with Parkinson's disease specifically showed intense diffuse AS-PLA staining in the reticular formation [ Fig. 5A (ii)] and intermediate reticular zone [Fig. 6A(iii) ] of the medulla, where the mean scores were 6.5 and 4.5-fold higher, respectively, than controls ( Fig. 6A  and C) , whereas in the cingulate cortex patients had a mean score 1.6-fold higher than controls ( Fig. 6B and E) . Staining in the raphe of the medulla was 2.75-fold higher in patients on average, although this was not statistically significant. In the midbrain, no region had a higher deposition of oligomers in patients compared to controls. Several white matter tracts, including the corticospinal tract, the Figure 6 Previously unrecognized oligomeric pathology is revealed by AS-PLA. Striking diffuse AS-PLA staining was revealed in postmortem brain sections. The heaviness of diffuse staining in blinded sections was scored semi-quantitatively by two independent assessors against predefined standards. In the medulla, staining was most prominent in patients in the reticular formation (Aii), and intermediate reticular zone (IRZ, Aiii) in the patients, and contrasted with AS-IHC staining, where only presynaptic staining or Lewy bodies were stained (bottom). A significant difference between the heaviness of AS-PLA diffuse staining in patients and controls was scored in these regions (C). In the midbrain, there was no difference in the amount of staining in patients and controls (D). In the cingulate, strong staining was observed in the grey of patients (B) compared to the controls but no difference in AS-PLA signal was observed in the white matter and corpus callosum (E). Similar levels of AS-IHC synaptic staining were present in patients and controls (B). Scale bars = 10 mm. *P 5 0.05 one-way ANOVA with Dunn's multiple comparisons test. Regions included in analyses in the medulla were the tegmentum (teg), intermediate reticular zone (IRZ), reticular formation, raphe, inferior olivary nucleus (olive) and corticospinal tract (CS tract). In the midbrain, the periaqueductal grey (PAG), superior colliculus (SC), reticular formation, red nucleus (RN), substantia nigra pars compacta (SNc) and corticospinal tract (CS tract) were analysed. subcortical white matter of the cingulate gyrus and the corpus callosum showed a weak diffuse AS-PLA staining but not a pathological deposition of oligomers above the level of controls.
Next, we compared diffuse AS-PLA staining to AS-IHC staining in consecutive sections. We found that the diffuse oligomeric pathology detected by AS-PLA did not correspond to any type of pathological staining that could be detected with AS-IHC including Lewy bodies and pale bodies (Fig. 6A) . Furthermore, the diffuse neuropil oligomeric pathology did not correspond to physiological alphasynuclein presynaptic staining (Fig. 6B) .
Western blot analysis of sequentially extracted alphasynuclein from human brain tissue corroborated an accumulation of high molecular alpha-synuclein species in Parkinson's disease compared to control subjects, in keeping with our findings with AS-PLA ( Supplementary Fig. 7 ). We show, by western blot, an accumulation of a $60 kDa oligomer and higher molecular species in the urea fractions containing aggregated proteins in the midbrain and cingulate cortex of patients with Parkinson's disease, whereas in the medulla only accumulation of the $60 kDa oligomer was observed. The $60 kDa oligomer also variably accumulated in the TBS soluble and Triton soluble fractions, which correspond to cytoplasmic and membrane-associated proteins, respectively, in the midbrain and medulla of patients with Parkinson's disease.
The alpha-synuclein oligomeric species revealed by AS-PLA have a distinct intermediate sensitivity to proteinase K To further understand the structural properties of the alpha-synuclein oligomeric species revealed by AS-PLA, we assessed their proteinase K sensitivity. Proteinase K resistance is a property of highly aggregated proteins that usually display high beta-sheet content and is associated with amyloid-like misfolded proteins (Forloni, 1996; Neumann et al., 2004) . We treated sections of cingulate cortex tissue from patients and controls with proteinase K for 10 s, 1 min or 2 min, as high levels of both cortical Lewy bodies and diffuse neuropil AS-PLA staining were found in this region. We first studied the proteinase K sensitivity of the alpha-synuclein protein species detected by either AS-IHC or AS-PLA within cortical Lewy bodies of patients with Parkinson's disease. As expected, a large proportion ($50%) of cortical Lewy bodies stained by AS-IHC showed proteinase K resistance and were still present after harsh proteinase K treatment [2 min, Fig. 7A(i) and 7B]. Occasional dystrophic neurites were also stained by AS-IHC after 2 min of proteinase K treatment (Fig. 7Ai) . In contrast, the protein species stained by AS-PLA within cortical Lewy bodies were consistently more sensitive to proteinase K treatment, and no staining was present after 2 min of proteinase K digestion [ Fig. 7A(ii) ], which quantification (Fig. 7B) showed was significantly different from the response of AS-IHC stained cortical Lewy bodies to proteinase K.
We next studied the proteinase K sensitivity of the alphasynuclein species detected by AS-PLA and AS-IHC in the neuropil. The diffuse alpha-synuclein oligomeric species stained by AS-PLA were moderately sensitive to proteinase K treatment and an intermediate proteinase K treatment [1 min, Fig. 7A(iii) and 7C] abolished diffuse AS-PLA signal. Physiological AS-IHC presynaptic staining in both patients and controls was proteinase K sensitive and removed after only 10-s exposure to proteinase K [ Fig. 7A(iv) and 7C ]. This suggests that AS-PLA stained oligomers are in an early stage of aggregation due to their intermediate proteinase K resistance (Fig. 7D ).
Discussion
Here we have presented AS-PLA, a new method that for the first time allows the histological detection of alphasynuclein oligomers in human tissue. Our findings provide the first direct evidence that alpha-synuclein self-interaction is a key pathological marker in diseased brain.
The association of alpha-synuclein self-interaction with pathogenesis is supported by the identification of extensive diffuse oligomeric pathology in specific neuroanatomical regions in patients using AS-PLA that had no AS-IHC counterpart in the form of Parkinson's disease lesions or in physiological synaptic AS-IHC staining. Alpha-synuclein oligomeric pathology cannot be specifically recognized using AS-IHC. The PET-blot, a modification of AS-IHC, was developed to detect earlier pathology than traditional AS-IHC (Kramer and Schulz-Schaeffer, 2007) , but the extremely proteinase K-resistant species revealed are likely to represent aggregates with high beta-sheet content that occur late in the misfolding process (Miake et al., 2002) . In contrast, we demonstrated that the oligomeric species detected by AS-PLA show an intermediate proteinase K sensitivity, suggesting they are oligomers in a very early stage of aggregation, clearly folded differently than physiological presynaptic alpha-synuclein but which have not yet acquired a highly compact structure resistant to prolonged digestion by proteinase K.
There are several lines of evidence suggesting that oligomers with intermediate beta-sheet content are responsible for the spread and toxicity of alpha-synuclein (Volles et al., 2001; Apetri et al., 2006; Celej et al., 2012; Cremades et al., 2012) and it is possible that the species detected by AS-PLA have similar properties. Indeed, several recent studies in mice have shown that aggregates of alpha-synuclein, but not monomers, injected stereotaxically can spread to neuroanatomically connected regions and initiate de novo aggregation (Luk et al., 2012a, b; Masuda-Suzukake et al., 2013) . These observations are consistent with the hypothesis of prion-like spread of pathology in Parkinson's disease according to which alpha-synuclein molecules must directly self-interact to allow the misfolded species to transfer their pathogenic folding to newly recruited units (Brundin et al., 2010) . Therefore, interacting contiguous alpha-synuclein molecules, which we demonstrate are not only present in human brain tissues but strongly associated with disease, would be a necessary although by no means a sufficient step for disease propagation according to this hypothesis. Our data suggest, nevertheless, that alpha-synuclein selfinteraction is an early and more widespread phenomenon than previously thought.
Dysfunction at synapses and altered axonal transport has been postulated to be some of the earliest pathological events in Parkinson's disease (Schulz-Schaeffer, 2010; Kim-Han et al., 2011; Nakata et al., 2012) . Therefore, the striking deposition of alpha-synuclein oligomers in the neuropil may represent aberrant oligomerization at the synapse or abnormal transport of pathological species along axons to the cell body. Consistent with these pathological features, we also found extensive diffuse AS-PLA signal in patients in white matter tracts such as those in the medullary reticular formation.
Intriguingly, a small amount of AS-PLA-stained oligomers were also found in specific white matter tracts including the corticospinal tract, the subcortical white matter of the cingulate gyrus and the corpus callosum in some controls. Although it is possible that AS-PLA is detecting a range of alpha-synuclein oligomeric species, it is unlikely that AS-PLA detects the recently proposed physiological tetrameric form of alpha-synuclein (Bartels et al., 2011; Wang et al., 2011) for a number of reasons. Firstly, AS-PLA signal was not present in BE(2)M17 cells nor untransfected HEK293 cells, which were both shown to contain tetrameric physiological forms of alpha-synuclein (Bartels et al., 2011) ; in our hands, BE(2)M17 cells expressed high levels of monomeric alpha-synuclein. Second, although alpha-synuclein is highly and widely expressed in the CNS Figure 7 AS-PLA displays a different profile of proteinase K sensitivity to synaptic and pathological staining detected by AS-IHC. Tissue from the cingulate cortex of three patients and three controls was exposed to proteinase K (PK) for the indicated times and stained with AS-PLA or AS-IHC. Cortical Lewy bodies in patients were proteinase K resistant and still remained after 2 min of proteinase K treatment (Ai and B). In contrast, AS-PLA detection of cortical Lewy bodies was abolished after 2 min of proteinase K treatment (Aii and B). AS-PLA diffuse staining was no longer present after 1 min of proteinase K treatment (Aiii and C). AS-IHC synaptic staining was removed after 10 s of proteinase K treatment (Aiv and C). Therefore, oligomers detected by AS-PLA have a distinct intermediate resistance to proteinase K (D). *P 5 0.05, **P 5 0.01. Student's t-test. Scale bars = 10 mm. PD = Parkinson's disease. (Jakes et al., 1994; Iwai et al., 1995) , the low levels of alpha-synuclein oligomers detected by AS-PLA in controls had a restricted neuroanatomical distribution. Third, the diffuse oligomers of both patient and controls share an intermediate sensitivity to proteinase K, suggesting that they contain a proportion of beta-sheet content unlike tetrameric alpha-synuclein, which is formed by alpha helices (Bartels et al., 2011; Wang et al., 2011) . Interestingly, the white matter tracts containing AS-PLA-stained alphasynuclein oligomers in some controls are either composed of long projection axons, or adjacent or projecting to nuclei where we found striking accumulations of oligomers exclusively in patients, suggesting oligomer accumulation in white matter tracts may represent very early subclinical pathology.
Diffuse AS-PLA oligomeric pathology is likely to be a precursor to recognized neuritic and perikaryal pathology. Diffuse cytoplasmic alpha-synuclein oligomers were also detected by AS-PLA in neurons of otherwise normal appearance. Their detection is indicative of the capacity of AS-PLA to detect very early alpha-synuclein oligomerization in neurons, even before the appearance of pale bodies or Lewy bodies. These accumulations may be related to punctate alpha-synuclein aggregates or perikaryal threads previously described (Arima et al., 1998; Kuusisto et al., 2003) , which are hypothesized to progressively coalesce into pale bodies, in which alpha-synuclein and other proteins are further compacted to become Lewy bodies (Dale et al., 1992; Gomez-Tortosa et al., 2000; Kuusisto et al., 2003; Kanazawa et al., 2012) .
AS-PLA selectively and more sensitively detected pale bodies compared to AS-IHC, further supporting that AS-PLA detects earlier pathology. Brainstem Lewy bodies were rarely stained, which is likely due to their composition of fibrillar alpha-synuclein as in vitro AS-PLA specifically recognized alpha-synuclein oligomers over fibrils. Fibrils were not statistically differently labelled than the background signal of monomers and the mild residual labelling of fibrils by AS-PLA is probably due to contaminating oligomers, as shown by western blot and electron microscopy. Staining on the periphery of brainstem Lewy bodies was more frequent, which may represent the incorporation of oligomers from the cytoplasm into the fibrillar structure of Lewy bodies, a potential protective mechanism to sequester toxic species away from the cellular machinery (Bucciantini et al., 2002; Muchowski, 2002; Soto and Estrada, 2008) . Conversely, AS-PLA staining on the periphery of brainstem Lewy bodies could be oligomers disassociating from Lewy bodies, as a dynamic equilibrium has been proposed to exist between fibrils in Lewy bodies and alpha-synuclein oligomers (Bosco et al., 2011; Cremades et al., 2012) . The strong staining of cortical Lewy bodies, which do not have the classical core-halo structure of brainstem Lewy bodies and are believed to contain less compact aggregates (Kosaka, 1978; Katsuse et al., 2003) , and pale bodies suggests that AS-PLA detects oligomers in the process of being compacted and not those that are already extensively fibrillar in structure as in brainstem Lewy bodies.
Cortical Lewy bodies in dementia with Lewy bodies were positively stained by AS-PLA similarly to Parkinson's, suggesting that Parkinson's disease and dementia with Lewy bodies belong to the same disease spectrum, as previously suggested (McKeith, 2000; Zarranz et al., 2004) . Although neurofibrillary tangles and amyloid plaques in Alzheimer's and tau inclusions in progressive supranuclear palsy were negatively stained by AS-PLA, positive cytoplasmic staining around glial cytoplasmic inclusions was found in multiple system atrophy. This suggests that similar protein species are formed in three alpha-synucleinopathies (Parkinson's disease, dementia with Lewy bodies and multiple system atrophy), which warrants future investigation.
In conclusion, AS-PLA detects alpha-synuclein oligomeric pathology in neuroanatomical areas ahead of AS-IHC, providing an extra level of detail and resolution of alpha-synuclein pathology and potentially a new spatiotemporal window to detect and follow early pathological changes.
